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1 General introduction 
1.1 Background 
Bioenergy production out of energy crops - a sustainable way of energy generation? 
The ratified Paris Agreement from 2015 of the United Nations Framework Convention on Climate 
Change has once again confirmed the human influence on climate change and raises the pressure on the 
governments to improve and extend their renewable energy policies and their effort to reduce 
greenhouse gas (GHG) emissions by replacing non-renewable fossil fuels with renewable energy 
sources (United Nations, 2016). The use of biomass for energy production has been promoted as an 
environmentally friendly and energy-efficient way for heat, electricity and fuel production compared to 
fossil fuels. A well-considered expansion of bioenergy production can improve the sustainability of 
energy generation by reducing GHG emissions and by helping to secure energy supply (European 
Commission, 2009b).  
Biomass for the supply of bioenergy can be obtained from fuelwood, crop residues and dedicated energy 
crops. The production of energy crops has significantly increased in recent years (Allen et al., 2014). 
For example in Germany in 2015, 13% of the total arable land was used for energy crop cultivation and 
7.3% (1.4 million hectares) alone as biomass feedstock for anaerobic digestion (FNR, 2016). 
Energy generation from energy crops has been promoted as “GHG emission neutral” since the 
combustion of the biomass releases the same amount of carbon dioxide (CO2) that was captured by the 
crop during growth assuming a closed CO2 cycle. However, energy crop production cannot be 
considered as CO2 neutral over its whole production chain, since GHG emissions occur during crop 
cultivation through production and use of fertilizer, pesticides and farming machinery (Cherubini et al., 
2009). Agricultural management practices have a considerable effect on the amount of GHG emissions 
from energy crop production and, correspondingly, on the entire biomass energy production chain 
(Blengini et al., 2011; Davis et al., 2013). Consequently, agriculture, including energy crop cultivation, 
holds significant potential for sustainable energy production, including GHG emissions mitigation.  
However, in the last years, also critical voices have been raised as in the IPCC Special Report 2012 on 
Renewable Energy Sources and Climate Change Mitigation (SRREN report, Edenhofer et al., 2012) 
stating that energy crop production can cause environmental problems. A rush into energy crop 
production can have substantial disadvantages for biodiversity, water and food supply. In the case of 
Germany, the dynamic expansion of biogas production, the application of legal regulations as well as 
the pressure for resource-efficient farming caused a trend to maize cultivation in short rotations up to 
monoculture. Such practices result in diversification losses of crop rotations which can generate 
potential environmental damages such as soil damage through soil erosion or soil compaction, or an 
increased risk of nutrient leaching (European Environment Agency, 2007).  
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In the future, the demand for arable land for food, feed, chemical, and energy production will further 
increase, consequently it is important to prioritize energy cropping systems that are the most energy 
efficient with regard to the land area used and potential for high GHG emission reduction relative to 
fossil fuels (Börjesson and Mattiasson, 2008). As a result, there is a growing demand for farmers, driven 
by political and societal pressures, to implement sustainable cropping systems in the context of energy 
efficiency and GHG mitigation options. But on the other hand, establishing new cropping systems 
comprises agronomic, ecological and economic uncertainties and risks for farmers. Hence, there is a 
growing demand for scientific research, long-term experiments on energy crop systems and new 
modelling approaches to provide knowledge and advice for sustainable energy crop management 
(Edenhofer et al., 2012; Leopoldina, 2013).  
Energy crops are agricultural crops solely cultivated for energy-related use. Several food crops (e.g. 
maize or sugar beet) can also be grown as energy crops if they have high yields and, preferably, a low 
demand for agrochemical inputs (Cherubini et al., 2009). Their cultivation can differ in comparison to 
traditional crops in terms of sowing and harvesting dates, cultivation management, e.g. increased fuel 
use for the whole plant harvest, tillage frequency, and fertilizer quantities as well as the use of by-
products, such as digestate (Cherubini et al., 2009; Rehl et al., 2012). These special characteristics of 
energy crop cultivation can significantly influence the GHG emissions. Unfortunately, these special 
characteristics are often disregarded in available assessment tools for GHG emissions. Either these tools 
are not specific enough to capture farm-level analysis, or they do not take into account aspects of 
cultivation and plant type specific to energy crops (Peter et al., 2017b).  
Crop rotations, the sequence of crops grown on the same field, are part of the current agricultural 
practice. Crop rotation design influences the cultivation management e.g. the amount of used fertilizer 
and pesticides, the length of cultivation period of the individual crops as well as the crop yield and 
correspondingly the amount of GHG emissions (Brankatschk and Finkbeiner, 2015). Often, studies from 
annual crops (Alluvione et al., 2011; Börjesson et al., 2015; Börjesson and Tufvesson, 2011) typically 
take only one vegetation period from seedbed preparation to harvesting into account. The influence of 
the previous crop on the assessed crop is often outside the system boundary. As a result, calculation 
systems leave out crop rotation effects, including all interactions between the previous crop and the 
assessed crop, such as nutrient carryover, reduction in the use of agricultural operating needs, different 
intensity and timing of farming activities. When looking at one vegetation period, it can be difficult to 
evaluate the exact nutrient supply, since each crop uses different amounts and sources of nutrients, 
including decomposing residues of the preceding crop, and may itself leave different residues on the 
field. Good farming practice uses an optimal fertilization plan including mineral and organic fertilizer, 
crop residues, and green manuring crops to provide the soil with an optimal nutrient amount and balance 
(Brankatschk and Finkbeiner, 2015). However, fertilization plans are often designed for a longer time 
period than one year. By disregarding this fertilization plan and the different nutrient uptake efficiency 
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of each crop, the carryover of nutrients from one crop to the subsequent crop are neglected. This leads 
to a free-rider situation for crops that consume nutrients which were applied to and left over by the 
preceding crops. Consequently, the amount of GHG emissions and cumulative energy demand (CED) 
of the subsequent crop decreases, since the crop does not get charged for its true nutrient and fertilizer 
consumption (Brankatschk and Finkbeiner, 2015).  
Long and diverse structured crop rotations can improve soil fertility, nutrient use efficiency and 
biodiversity as well as reduce the input of crop protection agents and increase yields (Zegada-Lizarazu 
and Monti, 2011). However, in the last year, there is a worldwide increasing trend to shorten crop 
rotations and to grow crops in monocultures (Bommarco et al., 2013). Especially in Germany, the rush 
into biogas production forced an unprecedented concentration and specialization in maize cropping, 
often in short rotations or monocultures. These agricultural trend is concerning, since it can lead to 
substantial environmental damages. Consequently, the key to sustainable energy crop management 
could be the implementation of diverse energy crop rotation along with improved resource-efficient 
management (Nemecek et al., 2015). Energy cropping offers various options for the diversification of 
agricultural land use, such as the introduction of new crops, altered harvest and sowing dates, digestate 
application as fertilizer and the renaissance of perennial fodder crops. But in practice, maize is still the 
dominate crop for biogas production, since there are uncertainties by the farmer concerning the benefit 
of new crops and new designed cropping systems.  
At 2005 in Germany, a long-term energy cropping project named „Development and comparison of 
optimized cropping systems for the agricultural production of energy crops under varying site conditions 
in Germany”, short EVA (Glemnitz et al., 2015), was initiated to reduce uncertainties regarding energy 
crop cultivation and to provide more reliable and scientific based information for farmers and politicians. 
The aim of the project was the development of regionally adapted solutions for the economically 
successful, resource-efficient and environmentally sound production of energy crops in rotations. 
Additionally, suitable agricultural alternatives to the dominant cultivation of maize were investigated. 
This project has been carried out in eight regions across Germany, evaluating different energy crop 
rotations for biogas production in extensive field trials. The experimental sites differed in their main 
agricultural profile, regional geomorphological and bioclimatic conditions. A major aspect of the EVA 
project was the assessment of different environmental and economic indicators of the various tested 
energy crop rotations (Glemnitz et al., 2015).  
This dissertation was developed as part of the EVA project that focused on the development of regional 
adapted solutions for the energy-efficient and GHG emission friendly production of energy crops in 
rotations. The author’s task was to develop a tool which was able to calculate the energy efficiency and 
GHG emissions from energy crop cultivation in rotation under consideration of site conditions, 
specification of energy crops and crop rotation effects. Furthermore, the tool should not only be used 
General introduction 
4 
 
for the evaluation of the EVA project crop rotation field experiments, but also by farmers and scientists 
to develop regional adapted sustainable energy cropping systems.  
1.2 Current approaches to sustainable energy crop management assessment 
In order to cope with the challenges of sustainable energy crop management, appropriate assessment 
tools are needed to detect GHG mitigation options and energy efficient systems. Different environmental 
assessment approaches are available for the evaluation of agricultural production systems. The most 
widely used approach is Life Cycle Assessment (LCA) defined by ISO Standards 14040 (2006) and 
14044 (Buratti and Fantozzi, 2010; ISO 14044, 2006). 
1.2.1 Life Cycle Assessment and Carbon Foot Print 
LCA is defined as a method for compiling and evaluating all inputs, outputs, and the potential 
environmental impact of a production system throughout its life cycle. It enables the user to measure 
and quantify the environmental impacts of a product. Furthermore, it helps to identify hot spots where 
the most significant impacts occur, enabling the user to develop strategies for improving the product’s 
environmental performance (ISO 14040, 2006). According to Buytaert et al. (2011), LCA is the most 
suitable assessment tool to assess emissions from bioenergy production systems, especially using the 
specifications for GHG emissions, the Carbon Footprint (CFP). 
The CFP approach defined by ISO Standard 14067 (ISO 14067, 2013) provides, in addition to the LCA 
guidelines, requirements and guidelines for the quantification and communication of GHG emissions in 
a production chain. A considerable number of calculators are available that apply the CFP approach to 
calculate GHG emission from agricultural products (Colomb et al., 2012, 2013; Denef et al., 2012). 
These calculators differ in terms of system boundary (processes included), scales (area and time) and 
methods used to calculate emissions during crop cultivation.  
There are also various case studies that use the CFP approach to assess the GHG emissions of biomass 
energy production. Cherubini and Strømman (2011) reviewed these case studies and the CFP assessment 
methods used. They figured out, that there are wide ranges and uncertainties in bioenergy CFP case 
studies due to differences in methodological assumptions (e.g. different reference systems, the database 
used, functional units, and allocation procedures) and the many variables involved in this calculation 
(e.g. selection of system boundaries, including land use change and accounting for field emissions from 
different fertilizer types and crop residues). Some of these key parameters regarding agricultural 
processes (e.g. field emissions) are still not well understood and depend heavily on local and climate 
conditions (Cherubini and Strømman, 2011).  
Furthermore, Edenhofer et al. (2012) pointed out in the SRREN report, that the GHG emissions 
mitigation potential from energy crop production is dependent on site conditions, crop cultivation 
management (including crop rotation and use of their effects) and crop type. Consequently, all these 
aspect should be considered in a CFP tool for energy crop cultivation assessment.  
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1.2.2 Methodologies to account for land-based GHG emission  
The IPCC guidelines for National GHG Inventories for the Agriculture, Forestry and Other Land Use 
sector (IPCC, 2006) provides three calculation pathways, called Tiers, to account for land-based GHG 
emissions. The Tiers differ in their degree of complexity: Tier 1 is the least accurate methodology, 
though the simplest to use, as it provides equations and global default values; Tier 2 may use the same 
methodological approaches as Tier 1, but requires specific regional data and emission factors, while Tier 
3 level methodologies are based on actual measurements or model simulations.  
Using a higher Tier generally improves the accuracy of the inventory analysis and reduces uncertainty, 
but requires a higher amount and quality of input data. The estimation of GHG field emissions from 
fertilization and soil organic carbon (SOC) changes are challenging: at the regional level, the Tier 1 
approach, based on default emission factors, insufficiently accounts for emission variability resulting 
from pedoclimatic conditions or management practices. However, approaches at regional or site specific 
level (Tier 2 and 3) are usually considered too complex to be practicable. Consequently, there is a 
demand for farmers, private businesses, and scientists for the application and validation of appropriate 
“medium effort” higher Tier methodologies, to address local issues with bioenergy and food 
sustainability and identify local mitigation potentials (Smith et al., 2012; Smith et al., 2007). 
1.2.3 Important LCA indicators for the evaluation of energy crop cultivation  
The potential for GHG emission and CED reduction relative to fossil fuels are the key drivers for 
promoting bioenergy production from energy crops by experts and politicians (Dressler et al., 2012). 
Consequently, it is a central issue for bioenergy production pathways to use energy efficiency and GHG 
emissions as a focal indicator to detect the most efficient production lines for the global energy supply, 
including sustainable energy cropping systems. Therefore, the assessment of energy crops using the 
LCA approach should focus on the impact categories of “climate change” and “CED”.  
The impact category “climate change” aggregates all GHG emissions that occur during the production 
process by using the indicator of “Global Warming Potential (GWP)” for a 100-year time frame 
following the IPCC 2013 guideline (Myhre et al., 2013). This guideline specifies the characterization 
factors to calculate the GWP expressed as kg CO2 equivalent (eq) per unit.  
CED comprises the total use of primary energy that is required during the production of the crop (VDI 
4600, 1997). With help of the CED, it is possible to estimate the energy efficiency and the energy balance 
of the energy crop production as feedstock for bioenergy production compared to fossil fuels. Energy 
efficiency or energy return on investment (EROI) is the ratio between the sum of produced energy and 
the CED to produce this yield. Energy balance is calculated by subtracting the energy output from the 
energy input and is used to analyze and verify the transformation and use of energy resources of a 
production chain in detail.  
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1.3 Objectives and structure of the thesis 
The thesis focusses on the development of a tool to calculate and analyze the GHG emissions and energy 
efficiency of energy crop cultivation in rotations. The publications on which this thesis is based 
investigated the challenges and special features of energy crop rotation modeling. Further objects were: 
- To review currently available tools for GHG emission calculation from energy crop 
cultivation in rotation. 
- Analyzing methods which are able to quantify GHG emissions from energy crop cultivation 
by taking into account the specific features of energy crop production, local management 
practices and crop rotation effects. 
- To test the performance of the developed tool and show first results from the EVA project 
field trials evaluation.  
1.3.1 Paper 1 
The IPCC (2006) guidelines recommends taking all indirect (production of farming materials) and direct 
(field emissions) emissions occurring during the crop production into account, when calculating the CFP 
of crop cultivation. However, different methodologies are available to calculate GHG emissions and the 
selected method can have a significant impact on the CFP results. Especially the calculation of land-
based GHG emissions from fertilization and soil carbon changes is very difficult but has a high impact 
on the total CFP study result. In the first paper (Peter et al., 2016) different methodologies to calculate 
GHG emissions based on the CFP approach were investigated. The aim was to detect a “readily-
available” and “easy-to-implement” method to assess field emissions from fertilization and from SOC 
change consequent to crop management change for the inclusion into CFP assessment studies of 
agricultural products, in order to improve the accuracy of GHG emission estimates. 
In this paper, methods which match these requirements were selected, choosing the Tier 2 method based 
on the Bouwman et al. (2002a,b) approach for estimating field emissions from fertilization and the Tier 3 
method for SOC change assessment based on simulations with the RothC model (Coleman et al., 1997). 
The investigated methods have been applied to four case studies and compared with Tier 1 results and 
additionally with measurements, in order to test their performance. The measurements were used to 
confirm the validity of the tested models for the examined agro-ecosystem conditions. A further goal of 
the paper was to assess and compare the influence of the variability of regional inventory data on CFP 
results, depending on the adoption of Tier 1, Tier 2, or Tier 3 assessment methods.  
The outcomes of this paper demonstrated that the development of user-friendly, crop-specific tools 
underpinning these modeling approaches could efficiently increase the usefulness of CFP for 
agricultural sustainability assessment at farm and regional landscape level. 
The paper was produced in collaboration with the Italian PhD student Angela Fiore. All calculations, 
tables and figures included in the manuscript regarding the land-based GHG emissions from SOC 
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change were prepared by Angela Fiore. The other half of the manuscript including preparation of the 
text, tables and figures as well as the publication process were done by the author of this thesis. 
Measurement data from the field trials in Germany were provided by Ulrike Hagemann and her team. 
Claas Nendel, Ulrike Hagemann and Cristos Xiloyannis critically reviewed the manuscript before 
submission and were included in discussions during the development process of the manuscript.  
1.3.2 Paper 2 
The aim of the second paper (Peter et al., 2017b) was to review currently available calculators for GHG 
emissions assessment from crop production and their ability to take the specific features of energy crop 
production, crop rotation effects, site conditions and farm specific management practices into account. 
During the review process 44 environmental assessment calculators for agricultural products were 
found, but only 18 calculators were capable of assessing GHG emissions from energy crop cultivation 
following the IPCC guidelines and using the LCA approach.  
Additionally, only seven out of 18 reviewed calculators can calculate GHG emissions from energy crop 
rotations but none of these calculators is able to consider actual crop rotation effects as nutrient 
carryover, reductions in the use of agricultural operating needs, or the sequence and composition of crop 
rotations. However, CFP approaches should take more the wide range of crop rotation techniques into 
account since crop rotation design and the diversification of crop rotation patterns offer options to reduce 
GHG emissions in agricultural cropping systems (Nemecek et al., 2015). So far, no agreement has yet 
been achieved about whether and how crop rotation and their effects are to be included in CFP via a 
uniform approach. This may be due to both a lack of methodological guidance to account for crop 
rotations and a lack of focus on the agronomical specifics of crop rotation systems.  
The review of the calculators, the preparation of text, tables and figures was done by the author alone. 
The development of the manuscript structure including the choice of criteria for the evaluation of the 
calculators was done in a joint discussion and approval process with both co-authors Katharina Helming 
and Claas Nendel. Both co-authors were also critically reviewing the manuscript before submission.  
1.3.3 Paper 3 
To overcome the shortcomings of available CFP tools for the assessment of GHG emission of crop 
rotations including energy crops which were detected in the second paper (Peter et al., 2017b), the author 
developed a new tool called “Model for integrated Life Cycle Assessment in Agriculture”, short MiLA. 
The tool calculates the GHG emissions and energy efficiency of energy cropping systems and takes into 
account all inputs and outputs related to crop management from the whole crop rotation on each field, 
and thus includes inter-crop relationships. Furthermore, differences in local agricultural management 
practices, pedoclimatic conditions, farming practices and farming technologies as well as energy crop 
specification are considered. In the third paper (Peter et al., 2017c), the newly developed MiLA tool was 
presented as well as the methods used for integrating crop rotations into LCA calculations. Furthermore, 
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the tool was applied to a case study including two crop rotations in two different regions in Germany to 
demonstrate the performance of this approach on LCA results.  
The preparation of the text, tables and figures of this paper were done by the author as well as the 
development and implementation of the MiLA tool. However, important data produced during the EVA 
project were integrated into MiLA. Project partners as the ATB Potsdam (Monika Heiermann and 
Christiane Herrmann) and the Justus Liebig University Giessen (Joachim Aurbacher, Peter Kornatz and 
Janine Müller) prepared these data. To acknowledge this hard work, they were made co-authors in this 
paper. Furthermore, all co-authors critically reviewed the manuscript before submission.  
The MiLA tool, a Microsoft Excel®-based multivariate empirical tool, as well as the user’s guide are 
freely available in English and German language and can be downloaded at 
http://communications.ext.zalf.de/mila. 
1.3.4 Paper 4 
In the fourth paper (Peter et al., 2017a) the MiLA tool was used to evaluate four crop rotations on eight 
sites across Germany in terms of their resource efficiency (area use, energy and economic efficiency) in 
order to derive options for sustainable energy crop management for biogas production. The area use and 
energy efficiency were calculated with the MiLA tool but the economic efficiency calculations were 
performed by a project partner at the Justus-Liebig University Giessen. This paper does not only 
demonstrate the performance of the MiLA tool but also presents a new approach to combine different 
indicators (from the MiLA tool and from other tools) to analyze the resource efficiency of agricultural 
production systems. Moreover, this paper critically evaluates if the design of crop rotations and regional 
adopted management practices are an appropriate steering option in land use management.  
The author was responsible for 75% of the text, tables and figures the rest was done by Michael 
Glemnitz. The calculations of the indicators (area use and energy efficiency) were performed by the 
author. The calculation of the indicator “economic efficiency” was done by Janine Müller and Peter 
Kornatz. The statistical analysis was kindly performed by Michael Glemnitz. All co-authors were 
included in the development process of the manuscript and were critically reviewing the manuscript 
before submission.  
In a follow up study, the integrative evaluation of the five standard EVA crop rotation were performed 
using multiple indicators which were classified to four main groups: agricultural feasibility; 
environmental impact; economic benefit; and resource efficiency (Glemnitz et al., 2015). The author 
provided modelling results performed with MiLA for the indicators: product related GHG emissions 
and energy efficiency. Although not part of this cumulative dissertation, this study not only 
demonstrated the performance of MiLA, but also the possibility to integrate the tool results in pursuing 
sustainability assessments.  
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6 General discussion 
Sustainability of energy cropping is the focus of an increasingly critical public debate. On the one hand, 
it is assumed that the substantial rise in energy production from agricultural biomass in recent years 
might cause environmental problems. On the other hand, bioenergy appears attractive as a renewable 
fuel since it can replace fossil fuel resources, aid biodiversity, create new land use management options 
for unattractive arable areas through new crops, diversify rural economies, support energy security, 
industrial growth and exports (Adams et al., 2013). Main key drivers for bioenergy production from 
biomass are the potential reduction of GHG emission and the high energy efficiency compared to fossil 
fuels.  
In recent years, LCA has been increasingly used as an analytical tool for the assessment of bioenergy 
production pathways, which is able to capture the complexity and interdependencies of the system and 
thus providing a comprehensive and objective environmental balance, helpful to address sustainability 
of bioenergy chains (Blengini et al., 2011). However, as Cherubini and Strømman (2011) pointed out, 
LCA of bioenergy systems can be helpful to address sustainability, but, at the same time, differences in 
methodological assumptions might distort the results and make comparisons to other LCA studies nearly 
impossible.  
Even through, the resource-related impacts like CED or GHG emissions are generally based on well-
known processes and databases, the complexity of the processes and numerous influencing factors as 
e.g. the uncertainty of nutrient losses, makes the LCA modelling challenging and vulnerable for 
inaccuracies and errors (Nemecek et al., 2015).  
6.1 Modelling uncertainties: field emission accountings at regional scale 
In the first paper (Peter et al., 2016), it was shown that the choice of the methodological approach (Tier 
level) can considerably affect the calculated GHG emission result. Sufficient transparency is required to 
inform relevant parties about possible errors and shortcomings introduced by the selected method when 
applied to a case study. The comparison of methods for the assessment of land-based GHG emissions 
during crop cultivation on different complexity levels (Tier) identified appropriate, readily available, 
assessment methods at the Tier 2 and Tier 3 level with medium efforts for stakeholders. Furthermore, 
the consequences of the methodological choices on the CFPs of annual and perennial crops for field 
GHG emissions from crop cultivation were explored.  
In the analyzed wheat case studies, field emissions from fertilizer application were an important factor, 
as they accounted for almost 50% of the total GHG emissions, calculated with the global Tier 1 
approach. In contrast, for the perennial peach crop case study, emissions from fertilizer application 
contribute around 10% to the total GHG emissions. In all analyzed case studies, the estimated fertilizer-
induced field emissions calculated by the regional assessment method (Tier 2) were lower than the Tier 1 
estimations (up to 65%). Using the higher Tier method (Bouwman et al., 2002b) to calculate field 
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GHG emissions from fertilizer application resulted in a total GHG reduction of up to 21% for the wheat 
production and 7% for peach production compared to the Tier 1 assessment. As the yield from annual 
crops is strictly dependent on nutrient availability and weather conditions during a relatively short 
cultivation period, the fertilizer management system is often more intensive for the short annual crop 
cycle than for perennial crops. Consequently, the fertilizer management system has a larger influence 
on overall field emissions for annual crops than for perennial crops, which feature considerably lower 
fertilizer input throughout their entire life cycle.  
To evaluate the modelling results, the Tier 1 and Tier 2 estimates for N2O (nitrous oxide) and NH3 
(ammonia) emissions from two winter wheat case studies were compared with field-measured GHG 
emissions. For both investigated sites and both gases, the Tier 1 and 2 calculations overestimated the 
measured fluxes. However, for NH3-N emissions, Tier 2 estimates only deviate 1% and 10% from 
measured data of site 1 and site 2, respectively. In contrast, Tier 1 calculated NH3-N emissions are 87% 
and 168% higher than measured emissions for site 1 and site 2, respectively. Tier 2 estimates of fertilizer-
induced N2O-N field emissions were less accurate than estimates for NH3-N, but more accurate than 
Tier 1 estimates. Comparing modeling data with measurements can be problematic since measured data 
and modeled data have also a risk of uncertainty. But based on the results, it is recommended to use a 
higher Tier approach when estimating the fertilizer-induced field emissions, whereas for perennial crops, 
it has a minor impact on the CFP result. However, a general conclusion on the efficacy of default 
emission factors for annual and perennial crops cannot be derived from this limited amount of data. 
Therefore, further studies are needed to confirm these findings. 
Regarding soil carbon stock change, important differences were found between results calculated with 
Tier 1 and Tier 3 methodologies. The choice of either Tier 1 or Tier 3 for SOC change estimation had 
an high impact on the wheat case studies, as SOC change calculated with Tier 1 corresponds up to 194% 
of all other GHG emissions (the agro-ecosystem is a carbon sink), while the Tier 3 estimate amounts to 
approximately 13% of all other emissions. For the perennial peach case study, the use of the Tier 3 
method resulted in a more realistic value of SOC change than Tier 1. During 8 years of sustainable 
management practices, 81% of all other GHG emissions can be offset through soil carbon storage, 
compared to only 19% estimated with Tier 1. The present study has underlined the relevance of SOC 
change from crop management change on CFP of perennial crops, which cannot be always adequately 
represented using a Tier 1 approach. Concerning annual crops, the influence of SOC change on the CFP 
of a 1-year crop cycle could be strongly related to the long-term SOC dynamic, subsequent to crop 
choice and to the management regime, which determine the amount of organic residues returned to soil. 
Thus, for annual crops, a simulation approach is advisable to evaluate SOC change as the default based 
Tier 1 method does not allow to represent the change of different crops in the rotation. However, if the 
crop management in a crop rotation changes every year e.g. through rotating crop types, it is nearly 
impossible to assess the SOC change of one year out of this rotation without measurements and it is not 
General discussion 
69 
 
likely that in this short time period a new SOC equilibrium is reached. Consequently, further 
investigation efforts are needed in this direction.  
The outcomes of the first paper suggest that it is necessary to foster more awareness and consensus 
within LCA practitioners and policy-makers about the importance of including regional field emissions 
into the CFP of agricultural products, as it can considerably affect the results of the analysis. Moreover, 
it is recommendable using modeling approaches for field emissions estimates, taking into account local 
pedoclimatic and crop management conditions, because this can significantly improve the reliability of 
GHG accounting for agriculture at farm level. 
Furthermore, it could be demonstrated that only few site-specific data are needed to apply the higher 
Tier approaches, which can substantial improve the accuracy of the estimate of land-based GHG 
emissions from fertilization and SOC change. The development of user-friendly, crop-specific tools 
underpinning these modeling approaches could more efficiently increase the usefulness of CFP for 
agricultural sustainability assessment at farm and regional landscape level and thus supporting the 
assessment of the agricultural mitigation potential and the development of GHG reduction plans at farm 
level. 
6.2 Methodological challenges: available LCA calculators and their ability to reflect actual energy 
crop management practices 
As Blengini et al. (2011) pointed out, it is confirmed that bioenergy out of biomass is not automatically 
synonymous with sustainable energy, as differences in environmental performance can be remarkable. 
These differences not only originated from different biomass production chains including varying 
energy crop cultivation management, but also from differences in the used methods for LCA calculation. 
Therefore, Blengini et al. (2011) demanded to carefully consider all life cycle phases and subsystems 
when addressing environmental sustainability of bioenergy chains, as there is no single dominating item 
or aspect in the life cycle impacts, but rather several of them play an important role in the overall 
sustainability. The results should reflect the complex combination of the territorial context, including 
site-specific climate conditions, the local agricultural practices and the disposal of residues. LCA study 
results cannot be generalized, but transparency on both sites, the input data (energy crop management) 
and inventory results (used methods and system boundaries) are necessary and it should be possible to 
mathematically manipulate them. Only in this way LCAs study results from energy crop production can 
be comparable and can be used as background for further research.  
Even though, large efforts have been made, there are still methodological challenges to bring life cycle 
modeling of crop production closer to agricultural reality (Brankatschk and Finkbeiner, 2015). In the 
second paper (Peter et al., 2017b) 44 currently available agricultural environmental assessment 
calculators were reviewed for their ability to assess GHG emissions from energy crop production. Only 
General discussion 
70 
 
18 calculators were capable of assessing GHG emissions from energy crop cultivation following the 
IPCC guidelines and using the LCA approach.  
In accordance to Hennecke et al. (2013) the review results showed, that it is crucial for the complexity 
and accuracy of the LCA results: (1) which farming processes are integrated in the calculator, (2) which 
calculation pathway and allocation method is used and (3) if the whole cropping cycle (e.g. perennial 
crops) or crop rotation is included. The main limitations in the currently available calculators are the 
failure to account for land use change (LUC) and to distinguish among fertilizer types including 
digestate, the lack of distinction among tillage types, and the lack of parametrization of many energy 
crops in the calculators. Furthermore, the impact on the CFP result by using regional GHG emission 
assessment methodologies is often overlooked. The ability of the calculators to detect GHG mitigation 
options through improvements in cultivation management is therefore limited.  
The accuracy of field based GHG emissions calculation method can be improved by including crop 
residues management in the calculation such as the amount of straw left on the field, the quantity of crop 
residues or the amount of stubble burnt and by using the real nitrogen (N) content of the above-ground 
biomass (grain and straw) to calculate the N content of the above-ground and below-ground biomass. 
Another methodological challenge is the allocation of GHG emissions among the individual byproducts 
of energy crop cultivation, as well as the subsequent use of the byproduct’s burdens in other production 
cycles. Different allocation methods can be used and each has its advantages and disadvantages, but the 
uncertainty of the LCA results increases with each allocation step performed in one LCA assessment, 
and the results are fundamentally affected by the choice of allocation method (Brankatschk and 
Finkbeiner, 2014). Especially the allocation of digestate from anaerobic digestion is a critical aspect and 
part of an ongoing debate (Adams et al., 2015; Rehl et al., 2012). So far, there is no consensus about 
whether and how emissions during organic fertilizer production are to be included in LCA calculations 
of crop production. However, the most suitable allocation approach should be chosen based on the LCA 
study goals and appropriately documented in order to be able to compare studies calculated with the 
same approach. In the developed MiLA tool, it is assumed that manure and digestate were residues 
(byproducts) of the livestock and bioenergy life cycle before they become productive inputs for the crop 
life cycle. In order to avoid double counting, the environmental burdens emerging during storage and 
field application of the organic fertilizer are accounted for the crop cultivation process – where the 
emissions occur – and not in the upstream biogas or animal production chain. The Agri-footprint 
database (Blonk Agri Footprint BV, 2015) follows the same approach. This allocation approach is easy 
to apply since (1) less knowledge about the first production chain is needed, (2) the problem of double 
counting is prevented, and (3) the high uncertainty associated with other allocation methods is reduced.  
The reviewed calculators were not all designed for specific energy crop calculations. Most calculators 
are calibrated for a small number of crops and the special characteristics of energy crop cultivation, e.g. 
digestate application on the field and whole plant harvest, are often ignored or insufficiently considered.  
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Energy crop cultivation is a dynamic system and the amount of GHG emissions and energy efficiency 
can be influenced by many factors as site conditions, crop type, cultivation management and crop 
rotation design. Furthermore the amount of biomass yield, GHG emissions and CED are strongly 
correlated to the nutrient supply through fertilization, especially of N fertilizer (Ercoli et al., 1999; 
Nemecek et al., 2015). The environmental impact from energy crop cultivation can be influenced by 
regional adopted crop rotation design and management (Alluvione et al., 2011). Consequently, the 
reduction of GHG emissions and CED can only be obtained by regional adopted energy cropping 
systems and sustainable land use concepts (Smith et al., 2014). However, in current available LCA 
approaches and studies these aspects are insufficiently considered or even disregarded (Brankatschk and 
Finkbeiner, 2015).  
Only seven calculators of the investigated calculators are capable of calculating GHG emissions from 
perennial crops and from energy crops in rotation. By expanding the system boundaries of a LCA by 
taking into account the whole energy crop rotation increases the likelihood of identifying GHG 
mitigation options. However, currently, no reviewed calculator can process the effects from energy crops 
in rotation as nutrient carryover, reduction in use of agricultural operating needs, sequence and 
composition of crop rotations as well as integration of green manuring crops. To overcome this 
shortcoming, existing calculators should be extended by integrating energy crop rotations, or new 
calculators and methods need to be created. 
6.3 Crop rotation effects in LCA modelling 
A new reliable approach for LCA of crop cultivation was needed in order to reflect actual agricultural 
practices. The integration of crop rotations and their effects in LCA studies can significantly contribute 
to more realistic modelling results and therefore to the development of more sustainable energy cropping 
systems. Existing LCA calculators have a limited ability to fully reflect crop rotation effects and their 
impact on the LCA result of each individual crop in the rotation (Peter et al., 2017b). To overcome these 
shortcomings, a new LCA calculator named MiLA was developed (Peter et al., 2017c). With MiLA, 
GHG emissions and CED from crop cultivation including energy crops can be estimated. MiLA 
considers current crop management practices including management practices specific to energy crops 
as well as crop rotations and their effects.  
In MiLA, the system boundaries are expanded in order to take the entire crop rotation into account. 
Consequently, crop rotation effects such as nutrient carryover via basic fertilization or green manuring 
are automatically included in the LCA estimations. Furthermore, the tool takes into account all inputs 
and outputs related to crop management from the whole crop rotation on each field and thus includes 
inter-crop relationships. Typically, when single crops from the crop rotation are calculated separately, 
these considerations are omitted (Brankatschk and Finkbeiner, 2015). By, including the nutrient 
carryover in the MiLA tool a better attribution of the nutrient consumption of each individual crop is 
achieved. The crop will be charged only for its true nutrient consumption and carry no more 
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environmental burdens than what is physically true. The case study results in the third paper (Peter et 
al., 2017c) showed, that through the consideration of crop rotation effects in LCA calculations, the GHG 
emission result of the individual crop are influenced by −34% up to +99% and the CED by −16% up to 
+89% compared to the results without this considerations. Consequently, including crop rotation effects 
improves the accuracy of LCA accounting for energy crop production and supports the assessment of 
energy-efficient cropping systems and the development of GHG reduction plans at farm level. The tool 
is well-suited for product-specific LCA for energy and food crops and helps users to draw a more 
realistic picture of the interactions between crops, thus increasing the reliability of the LCA results.  
Modification of the system boundary is well known in LCA practice, but is not often used for agricultural 
systems. However, introducing the whole crop rotation into an LCA study of a specific crop can cause 
problems regarding the different outputs (products) of the crops grown in the rotation. It can be very 
difficult to handle the complexity of so many outputs. MiLA makes it possible to tackle these problems 
with a moderate amount of effort by including different functional units. This allows the assessment of 
the whole crop rotation without using an additional allocation method. 
LCA calculations of energy crops can be performed with the MiLA tool with only a moderate level of 
modeling effort regarding data quantity and usability. Even though, the tool still contains modeling 
uncertainties regarding the approach to model crop rotation effects as well as calculation methods and 
default values, farmers, private businesses and researchers should find it suitable as a first step to 
understand the complexity of crop cultivation systems and the related environmental burdens as well as 
to identify sustainable crop management systems. This tool makes it easy to compare different crop 
rotations, and can thus contribute to increase the diversity on field by identifying alternatives to maize 
and hence increase the societal acceptance of energy crop cultivation.  
6.4 Further applications of MiLA  
In MiLA the system boundaries are set from cradle to farm gate, consequently only the emissions 
occurring during the crop cultivation are calculated. The biogas plant, including the production of 
biogas, is outside the system boundary. However, the modeled results can be used for further LCA 
studies of bioenergy or food production chains (cradle to grave). 
6.4.1 GHG emission reduction potential  
In the context of bioenergy production out of energy crops, the societal and political focus lies especially 
on the GHG emissions reduction potential and the energy efficiency compared to fossil fuels. The 
European Commission fixed a threshold of GHG emissions savings for biofuels and bioliquids in the 
Renewable Energy Directive (RED) (European Commission, 2009a) and in the Fuel Quality Directive 
(FQD) (European Commission, 2009b), and set the rules for calculating the GHG impact of biofuels, 
bioliquids and their fossil fuels comparator (FFC). In the annex of the RED and FQD, default and typical 
values are listed to help the stakeholders to declare the GHG emission savings of their products. The 
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European directives in Germany are implemented in the Biokraft-NachV (2009) and BioST-NachV 
(2011) regulations. The calculation rules recommend to include all production steps from cradle to grave 
(energy crop cultivation, transportation and bioenergy processing) in the CFP assessment. Furthermore, 
the directive provides a threshold for the GHG emissions savings of at least 35% from the biofuels 
compared to their FFC. This threshold increased in 2017 up to 50% and in 2018 up to 60% (Figure 1). 
The European Commission recommended to member states, in the report from the Commission to the 
Council and the European Parliament (European Commission, 2010), to use the GHG emission 
calculation approach and thresholds from bioliquids and biofuels regulations for other bioenergy 
production chains out of solid and gaseous biomass sources.  
These regulations provide default values for the farmers and biofuel producers describing the amount of 
GHG emissions that arise during energy crop production and biofuel processing. The default values for 
the energy crop production are average values for specific regions so called NUTS2 (Nomenclature des 
unités territoriales statistiques) regions. If the farmers assure that the energy crop were sustainable 
cultivated, they can use the default values to verify their products GHG emissions. The biofuel producer 
can use these values to calculate the total CFP (Figure 1).  
As Figure 1 illustrates, the current valid default values meet the threshold value of 35% GHG emissions 
savings, but not the new (2017) and the future 2018 threshold. Consequently, the farmers could use the 
valid default values to receive financial support by the government until the end of 2016, but as from 
the 01.01.2017 and in the future this could be more difficult. In many bioenergy production pathways 
up to 50% of the total GHG emissions are caused by the biomass production (Dressler et al., 2012; 
European Commission, 2009a). Consequently, crop management has a major impact on the amount of 
GHG emissions from energy crop cultivation and correspondingly on the entire bioenergy production 
chain (Blengini et al., 2011; Davis et al., 2013).  
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Figure 1: Overview of the GHG emissions default values [g CO2 eq/MJ] of different biofuel production chains as provided in 
the RED (European Commission, 2009a) in comparison to the FFC, divided in production steps (energy crop cultivation, 
transportation and biofuel processing).  
In addition to these default values, the European Commission and Germany developed calculators, 
BioGrace (2015) for Europe and ENZO2 for Germany, to calculate the GHG emissions (from cradle to 
grave) of solid and liquid biofuel production from biomass (Figure 2). Both calculators were designed 
for farmers to calculate GHG emission from energy crop production and to evaluate the impact of 
management changes on the overall GHG emissions. The calculated results can be used as reporting 
basis for the certification of sustainable energy crop and biofuel production and for the verification of 
compliance with sustainability criteria for biofuels of the German and European directives.  
However, the calculator review (Peter et al., 2017b) revealed that both calculators have some 
shortcomings and are not able to fully reflect actual agricultural practices. Both calculators use the Tier 1 
approach for field emission calculation including global and some national default values and they only 
distinguish among mineral fertilizer ingredients (N, calcium oxide, potassium oxide and phosphorus 
pentoxide), while MiLA provides 88 different mineral fertilizer. BioGarce and ENZO2 are specified to 
calculate the GHG emissions of a limited number of energy crops (e.g. oilseed rape and wheat) and 
cannot be extended. As a result, both calculators are not designed for the reflection of management 
changes and cannot take alternative and more sustainable management practices into account, since they 
disregard crop rotation effects and regional pedoclimatic site conditions. Consequently, it is difficult for 
the farmers to derive recommendations for GHG reduction options based on the calculator results and 
to prove sustainable energy crop production, using BioGrace and EnZO2.  
Figure 2, shows different GHG emissions arising during oilseed rape cultivation in 2011 and 2012 at the 
EVA field trial site Bernburg (Saxony-Anhalt, Germany), calculated with different calculation methods. 
The RED and NUTS2 default values are not influenced by yearly varying management, consequently 
each cultivation period of oilseed rape is rated with the same amount of GHG emissions. For the GHG 
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assessment with the BioGrace and MiLA tool the actual cultivation management (yearly varying amount 
of fertilizer application and other farming materials as well as yield) were used. Though, only one crop 
at one site in the same crop rotation was analyzed, the GHG emissions results vary between the 
cultivation years, which is caused by the yearly varying crop management and crop yield. Consequently, 
in order to reach the highest GHG emission reduction potential, MiLA, the tool with the highest 
reflection of the actual agricultural practice should be used for GHG emission certification of energy 
crop production.  
 
Figure 2: Comparison of product based (RME- rape methyl ester) GHG emissions of oilseed rape (at the EVA field trial site 
Bernburg, Saxony-Anhalt Germany for the cultivation years 2011 and 2012) calculated with different GHG emission 
calculation methods.  
MiLA is well-suited for product-specific LCA of energy crops for different bioenergy production chains 
and helps farmers to draw a more realistic picture of the GHG emissions of different crop management 
practices. Furthermore, the tool results allows to calculate GHG emission reduction potentials for crop 
rotations and their use in different bioenergy production chains compared to their FFC. Especially, if 
the regulations for biofuels and bioliquids are also used to verify the sustainability of solid and gaseous 
biomasses for biogas production, reliable GHG emissions assessment tools are required, and MiLA 
could be an adequate option.  
Biogas can be used for heat, electricity and biomethane production. After biogas production in the biogas 
plant the biogas is transformed to electricity and heat in a combined heat and power plant (CHP) at farm 
or purified to biomethane and feed in to the regional natural gas grid.  
Using data from the EVA project, GHG emissions of one crop rotation (mustard/maize - winter 
rye/sorghum) cultivation and the processing of bioenergy in two different production pathways were 
evaluated (Figure 3). All emissions that arise after the energy crop production were calculated by using 
datasets from the Ecoinvent database 3.1. (Weidema et al., 2013) of a typical small biogas plant (500m³ 
biogas plant with 20 years lifetime and a covered digestate tank) and a typical small combined CHP 
(160 kWel  with a electricity production efficiency of 32% and 55% thermal efficiency) and a biomethane 
purification plant.  
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In accordance with the results of Dressler et al. (2012) the analysis revealed that up to 50% of the GHG 
emissions of the total production chain arise during the biomass production (Figure 3).  
 
Figure 3: Area based GHG emissions of one crop rotation (mustard/ maize - winter rye/ sorghum) cultivated at the EVA field 
trial site Dornburg (Thuringia, Germany) and their processing in two different bioenergy production pathways (electricity and 
biomethane production). 
Typical default GHG emission values for solid and gaseous bioenergy pathways as well as default values 
for the FFC (FFCelectricity = 191.9 g CO2-eq MJ−1 and FFCgas = 73.7 g CO2-eq MJ−1 calculated with the 
GWP of IPCC (2013) guidelines) were provided in the report of the Joint Research Center (Giuntoli et 
al., 2014). Calculating the GHG emission reduction potential of the analyzed production pathways 
showed that the highest GHG reduction potential has the combined production of electricity and heat 
(Figure 4). The GHG emission reduction threshold of 35% saving compared to the FFC could only be 
achieved through the production of heat and electricity. The threshold for 2018 of 60% savings cannot 
be achieved with the analyzed production systems. However, as stated before the GHG emissions can 
be reduced through regional adapted energy crop rotation design and optimized agricultural management 
practice.  
 
Figure 4: Comparison of the product based GHG emissions and GHG reduction potential of different bioenergy production 
pathways out of biogas produced from energy crops cultivated of one crop rotation (mustard/maize - winter rye/sorghum) 
cultivated at the EVA field trial site Dornburg (Thuringia, Germany). 
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As the results in Table 1 demonstrate, the GHG emission reduction potential of one crop rotation varies 
between sites. In each region one crop rotation could be identified which can save more than 50% GHG 
emissions compared to the fossil fuel alternative. In the context of bioenergy production out of energy 
crops, the GHG emission reduction potential of intensive crop cultivation systems is often questioned 
by researchers, because erroneous assumptions could be observed in the GHG emissions reduction 
potential calculations and the definition of “typical” energy crop cultivation systems differs. With the 
MiLA tool different crop rotations and cultivation systems at different regions were analyzed using data 
from the EVA project and up to 68% GHG emission savings have been detected. In further analysis the 
MiLA tool can be used to detect the crop rotation with the highest GHG emission reduction potential 
and to asses more information for the climate protection discussion of bioenergy production out of 
energy crops. 
Table 1: Product based GHG emission reduction potential [in %] of bioenergy production (electricity and heat) from varying 
crop rotations at different EVA field trial sites (mean values from two replicates, red color highlights the lowest reduction 
potential and green the highest).  
 EVA field trial location 
Crop 
rotation 
Ascha 
(Bavaria)  
Bernburg 
(Saxony-
Anhalt) 
Dornburg 
(Thuringia) 
Ettlingen 
(Baden-
Wuerttemberg) 
Gülzow 
(Mecklenburg-
Western 
Pmerania) 
Güterfelde 
(Brandenburg) 
Trossin 
(Saxony) 
winter 
barley / 
sorghum – 
maize 
49.4 61.0 56.9 61.2 57.1 63.0 62.3 
mustard / 
sorghum – 
winter rye 
/ maize 
51.4 56.5 51.6 58.4 55.8 62.2 63.1 
mustard 
/maize – 
winter rye/ 
sorghum 
46.3 56.9 53.7 59.0 56.8 63.7 62.3 
two year 
field 
forage* 
47.4 68.9 62.6 62.5 66.2 64.9 48.0 
Maize – 
Maize  
51.6 63.0 60.9 65.6 61.1 67.5 65.2 
*field forage: Ascha = clover-grass, Bernburg = alfalfa-grass, Dornburg = alfalfa-clover-grass, Ettlingen = alfalfa-clover-grass, 
Gülzow = alfalfa-clover-grass, Güterfelde = alfalfa-grass, Trossin = alfalfa-grass 
 
6.4.2 CO2 abatement costs of GHG mitigation 
In accordance with our case study results, other LCA studies showed that using biogas for the production 
of electricity, heat or fuel produces fewer GHG emissions than the use of fossil fuels (Börjesson and 
Berglund, 2006; Thornley et al., 2015). However, these LCA studies only analyzed the environmental 
efficiency of the evaluated bioenergy systems but not the economic feasibility and usability. Therefore, 
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it is important to evaluate not only the GHG emission reduction potential but also the costs that this 
reduction entails in order to fully assess a renewable energy source.  
CO2 abatement cost is an indicator that describes the cost efficiency of energy production technologies 
to reduce GHG emissions compared to other technologies in order to identify the optimal use of public 
funds. As a result, only technologies should be implemented when the resulting abatement costs are 
lower than those of other reduction strategies (Rehl and Müller, 2013). To calculate the abatement cost 
of a biogas production system, all costs of the established biogas plants in Euro and the associated CO2 
emissions in kg CO2 eq per functional unit (1 MJ) are calculated relative to a business as usual scenario 
as baseline.  
Rehl and Müller (2013) evaluated the abatement costs of different biogas production systems in 
Germany. They found that biogas production systems have a high potential for cost-efficient reduction 
of GHG emissions and the abatement costs are lowest when heat is produced as the main product and 
higher when electricity is the main or sole product of the biogas system. The German scientific advisory 
board for agriculture (WBA, 2008) estimated the CO2 abatement cost of maize based biogas and biofuels 
production systems of 150 €/t CO2 eq up to 300 €/t CO2 eq. However, the WBA (2008) suggested that 
the German government should focus on renewable energy production chains with CO2 abatement cost 
of under 50 €/t CO2 eq in order to support efficient climate political development. For an example, this 
could be slurry based biogas production systems with 52 €/t CO2 eq (WBA, 2008). The actual CO2 
abatement potential and the costs for the society to realize this potential highly depends on the regional 
conditions (e.g. local infrastructure) and the environmental and cost profile of the substituted energy 
systems in that region. A sensitivity analysis of Rehl and Müller (2013) revealed that abatement costs 
are strongly influenced by the GHG emission and cost profile of the reference system as well as the used 
abatement cost calculation method. Consequently, the calculated abatement costs are only a snapshot of 
the energy market at a particular moment in time and can become invalid if the energy market changes. 
For example, at the present, the national German fuel mix primly consists of energy from natural gas, 
coal and oil. By improving the environmental profile of input materials and energies in the reference 
system (national fuel mix), the difference in the GHG balance of the biogas systems and the reference 
system would decrease, which consequently increases the abatement costs.  
Through an extension of the MiLA tool with the indicator CO2 abatement cost, the informative value of 
the tool results could be increased and help to support the identification of promising bioenergy 
production options. This indicator is in general very useful for decision-making due to its eco-efficient 
basis and due to its value for engineers to optimize the production process in order to provide an 
overview of relevant environmental aspects in relation to costs and to identify the optimal application 
of the biogas technology. However, the methodology to assess the abatement cost still contains several 
shortcomings in terms of the transparency of the assumptions and the reliability of the instruments for 
assessing the efficiency and effectiveness of the energy production systems. But since the MiLA tool is 
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a transparent and efficient tool to calculate the GHG emissions from energy crop production for biogas, 
the tool results could be used as a strong basis to develop a robust methodology to estimate the abatement 
cost of bioenergy production out of energy crops in order to evaluate the regional bioenergy investment 
potential. 
6.5 Application of MiLA in sustainability assessments 
LCA in the context of sustainable crop production assessment comprises a wide range of impact 
categories e.g. resource depletion, ozone depletion, human toxicity, acidification of water and soil, 
eutrophication of surface water, erosion potential. For the promotion of biogas production from energy 
crops by experts and politicians, the key drivers were the potential for GHG emission and CED reduction 
relative to fossil fuels (Dressler et al., 2012). Therefore, the MiLA tool focuses on the impact categories 
“climate change” and “CED.” In order to close this gap and include more sustainability indicators in the 
impact assessment of energy crops the MiLA tool can be extended with additional indicators or as 
presented in (Peter et al., 2017a) the results of the MiLA tool can be used in combination with other 
indicator results to perform an resource efficiency analysis.  
The results of this study revealed that the efficiency of each crop rotation is dependent on regional 
conditions and related management. The results also showed that the three indicators (area use, energy 
and economic efficiency) are strongly correlated. This study demonstrated that it is possible to use the 
MiLA tool results in further sustainability assessments of crop production. By combining the indicator 
results, the relationship between the indicators can be assessed. In this case study the analysis revealed 
that by improving one of the efficiency indicators, the other two benefit as well. Moreover, it was 
demonstrated that the design of crop rotations and regional adopted management practices can be an 
appropriate steering option in land use management. By applying this approach to other regional 
datasets, more resource-efficient cropping systems could be identified and could thereby help to improve 
the diversification of energy cropping systems.  
Nevertheless, it is necessary to take all sustainability indicators into account to assess sustainable energy 
cropping systems since a reduced GHG emissions crop production does not imply low erosion or 
economic efficiency. By expanding the presented approach ideally by additional environmental and 
social indicators a complete sustainability assessment could be performed in order to assess the most 
sustainable regional adopted cropping system. The presented approach in (Peter et al., 2017a) can 
contribute to the further improvement of indicators and models used for assessing the regional impacts 
of energy cropping systems. 
6.6 Upscaling possibilities 
Even though the presented tool and modelling approach contains some uncertainties regarding the 
approach to modeling crop rotation effects as well as the used calculation methods and default values, 
the results of this thesis demonstrated that by including pedoclimatic conditions and crop rotation effects 
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into GHG emission calculations decreases the uncertainties in CFP modelling results. Consequently, by 
including these aspects into national and global GHG emission agricultural inventory accountings a 
better reflection of agricultural reality could be achieved and as a result more detailed GHG emission 
reduction plans could be developed. However, the implementation of this approach at a larger scale, e.g. 
in German national GHG emissions agricultural inventory calculations, could be difficult since the 
required data are barely available at this level of resolution, and any modeling of such CFP results would 
be extremely complex and time-consuming. In order to include crop rotation effects in larger-scale CFP 
assessments, a less data-intensive approach still needs to be developed.  
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7 Conclusion 
Only few publications are available that focus on the impact of energy crop cultivation in rotation on 
the environment and on the modeling approaches of the assessment of complex agricultural systems. 
This critical lack of knowledge among farmers, policymakers and scientists and the uncertainties 
regarding the available modelling tools and their results prevented the introduction of newly designed 
diverse and environmental friendly energy crop rotations. The studies of this thesis present a new tool 
which is well-suited for product-specific LCA for energy and food crops in rotation and helps the users 
to draw a more realistic picture of the interactions between crops, and thus increasing the reliability of 
the LCA results. The MiLA tool offers a way to analyze a large number of crops cultivated in rotations 
and under different local conditions. It can be used (1) to assess GHG emissions and energy efficiency 
of site-specific energy crop cultivation and (2) to compare these indicator results to other agronomic, 
social and economic indicators. Based on the results potential improvements can be determined by 
selecting an optimal crop rotation and management for a specific region.  
The evaluation of different crop rotations at various sites in Germany in terms of different aspects of 
their resource efficiency (area use, energy and economic efficiency) revealed that the efficiency of each 
crop rotation is dependent on the regional condition and related management. Consequently, there is no 
ideal crop rotation for all sites but the efficiency indicators were strongly correlated. Therefore, by 
improving one of the indicators, the other two benefit as well. This indicates that economic efficiency 
does not necessarily conflict with other efficiency goals and the design of crop rotation adapted to 
regional site conditions can be a useful tool for steering and optimizing resource efficiency. Furthermore, 
it was demonstrated that there are alternatives to the dominant cultivation of maize as energy crop in 
Germany. Perennial field forage crops demonstrated many advantages as environmental-friendliness 
due to low nitrogen and tillage demand and growth under unfavorable conditions. At some sites with 
the cultivation of perennial field forage comparable methane yields to maize could be reached. 
Combining energy and cash crops within one crop rotation (e.g. C4 including maize or sorghum and C3 
crops) may be as well a reliable alternative for improving diversification of the energy cropping system, 
soil organic matter (if chopped straw is left on the field) and resource efficiency. As a result, 
environmental damages and thus the negative image of energy crop cultivation could be reduced.  
For farmers and policymakers, resource efficiency and GHG emissions are focal indicators for biogas 
production pathways to identify efficient, high yielding and environment- friendly production lines to 
secure the global energy supply. However, in order to determine sustainable energy cropping systems, 
it will be indispensable to extend the MiLA tool by including additional social, economic and 
environmental indicators to cover all indicators of sustainability assessment.  
In this thesis it could be demonstrated, that by taking crop rotation effect in LCA studies of crop 
cultivation into account, a better reflection of agricultural reality is achieved and modelling uncertainties 
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could be reduced. Consequently, these aspects should also be included in national and global GHG 
emission agricultural inventory accountings in order to derive reliable and regional adopted GHG 
emission reduction plans. However, the implementation of this approach on a larger scale, e.g. in 
German national GHG emissions agricultural inventory calculations, could be difficult since the 
required data are barely available at this level of resolution, and any modeling of such LCA results 
would be extremely complex and time-consuming. A possible solution could be the downscaling of the 
GHG inventory calculations from the national to the regional (federal states or even districts) level. The 
regional authorities could perform the regional calculations with support of the farmer and derive farm-
specific GHG mitigation potentials. For national and global comparison purpose the regional results can 
be summarized. Although, this solution is time and data-intensive and requires a high level of motivation 
by the government and farmers, the increase of agricultural system understanding and improvement of 
the environmental situation including the achievement of the German climate protection targets should 
justify the effort. 
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8 Summary 
Sustainability of energy cropping is in the focus of an increasingly critical public debate. It is broadly 
assumed that the substantial rise in energy production from agricultural biomass in recent years might 
put additional pressure on biodiversity, the environment, GHG emission savings and landscape 
aesthetics. Most of the criticism of biogas production in Germany is related to the substantial increase 
in the cropping area of one particular crop, namely maize. The unproblematic management of maize 
combined with a high profitability were leading to a trend of maize cultivation in short rotations up to 
monoculture. Such practices result in diversification losses of crop rotations which can generate 
potential environmental damages. 
At the moment few empirical data are available regarding the impact of energy crops and their 
management on different sustainability indicators. Additionally most communications have been based 
on modelling approaches estimating the potential impacts of energy cropping and thus are strongly 
related to the model assumptions. As a result, the limitation of information in combination with the 
agronomic, ecological and economic risks for the farmer of establishing new cropping systems were 
leading to a specification of a limited number of energy crops, mostly maize. On the other hand, there 
is growing pressure on farmers to prove the sustainability of their energy cropping system to society. 
Consequently, appropriate assessment tools are needed to detect sustainable energy cropping systems 
especially in the context of GHG emission mitigation and energy efficiency.  
Different LCA tools and environmental assessment approaches are available for the evaluation of 
agricultural crop production systems. However, most of these tools are lacking in their ability to fully 
reflect current agricultural practices. These tools can account for differences in local agricultural 
management practices, pedoclimatic conditions, and farming technologies but all are lacking in the 
consideration of the characteristics of perennial crops and crop rotations and their effects.  
The aim of this thesis was the development of a tool to calculate and analyze the GHG emissions and 
energy efficiency of energy crop cultivation in rotations. Furthermore, the challenges and special 
features of energy crop rotation modeling were investigated including the review of currently available 
tools for GHG emission assessments as well as an analysis of GHG emissions calculation methods from 
energy crop cultivation and a demonstration of the performance of the developed new tool.  
Energy crop cultivation is a dynamic and complex system influenced by many factors as crop type, 
pedoclimatic conditions and management practices. This complexity hampers a sufficient realistic 
representation of GHG emission from energy crop cultivation using a model. In this thesis “medium 
effort” regional specific GHG emission assessment approaches are identified, which (1) require little 
additional effort compared to global approaches and (2) improve the accuracy of the estimate of land-
based GHG emissions from fertilization and SOC change.  
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Crop rotations are part of current agricultural practice, since they and their effects can contribute to a 
sustainable agricultural cropping system. Typical LCA studies from annual energy crops take only one 
vegetation period into account and disregard the interactions between the previous crops on the assessed 
crop (crop rotation effects). Ignoring these effects may lead to incorrect interpretation of LCA results 
and consequently to poor agricultural management as well as poor policy decisions. The review of 44 
currently available agricultural environmental assessment calculators revealed that 18 calculators were 
capable of assessing GHG emissions from energy crop cultivation following the IPCC guidelines and 
using the LCA approach. Only seven out of these 18 could calculate GHG emissions from energy crop 
rotations but none of these calculators were able to consider actual crop rotation effects as .g. nutrient 
carryover.  
To overcome the shortcomings of available LCA tools, a new tool called “Model for integrated Life 
Cycle Assessment in Agriculture”, short MiLA was developed. MiLA can calculate the GHG emissions 
and CED of cropping systems by taking the characteristics of crop cultivation in rotation into account. 
Furthermore, differences in local agricultural management practices, pedoclimatic conditions, farming 
practices and farming technologies as well as energy crop specifications are considered. 
The tool was applied to a case study in Germany, which results showed that including crop rotation 
effects influenced the GHG emission result of the individual crop by -34% up to +99% and the CED by 
-16% up to +89 %. Expanding the system boundary by taking the whole crop rotation into account as 
well as providing the results based on different functional units improves LCA of energy crop production 
and helps to draw a more realistic picture of the interactions between crops while increasing the 
reliability of the LCA results. 
The MiLA tool results can be used in further “cradle to grave” LCA studies in order to calculate the 
GHG emission savings from bioenergy production out of energy crops compared to their fossil 
alternatives. The conducted analysis of different crop rotations at different regions in Germany revealed 
that up to 68% GHG emission savings can be reached and that the crop rotation design has a substantial 
impact on the GHG emission result of the whole bioenergy production pathway.  
Furthermore, the MiLA tool indicator results can be combined with other indicator results e.g. in order 
to assess the resource efficiency (area use, energy and economic efficiency) of different crop rotations 
at various sites. The case study results revealed that the efficiency of each crop rotation is dependent on 
the regional condition and related management, and that the efficiency indicators were strongly 
correlated. Consequently, the economic efficiency does not necessarily conflict with other efficiency 
goals and the design of crop rotation adapted to regional site conditions can be a useful tool for steering 
and optimizing resource efficiency. However, in order to determine sustainable energy cropping 
systems, it will be indispensable to extend the MiLA tool by including additional social, economic and 
environmental indicators to cover all indicators of sustainability assessment.  
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In this thesis it could be demonstrated, that MiLA tool results have a wide range of application 
possibilities. Through the consideration of crop rotation effect in LCA studies a better reflection of 
agricultural reality was achieved and modelling uncertainties could be reduced. Consequently, these 
aspects should also be included in national and global GHG emission agricultural inventory accountings 
in order to derive reliable and regional adopted GHG emission reduction plans. 
9 Zusammenfassung 
Die Nachhaltigkeit des Energiepflanzenanbaus steht zunehmend im Fokus einer kritischen öffentlichen 
Debatte. Im Allgemeinen wird angenommen, dass der Anstieg der Energieproduktion aus 
landwirtschaftlich erzeugter Biomasse in den letzten Jahren einen zusätzlichen Druck auf Biodiversität, 
Umwelt, Treibhausgaseinsparungspotential und Landschaftsästhetik ausgeübt hat. Der zunehmende 
Anbau von Mais für die Biogasproduktion in Deutschland wird am meisten kritisiert. Eine einfache 
Anbaupraxis in Kombination mit der hohen Profitabilität von Mais führte zu einem Anbau von Mais in 
verkürzten Fruchtfolgen bis hin zu Mais in Selbstfolge. Dieser Trend führt zu Diversitätsverlusten in 
den Fruchtfolgen, die sich negativ auf die Umwelt auswirken können.  
Zurzeit sind nur wenige empirische Daten bezüglich des Einflusses des Energiepflanzenanbaus und 
dessen Management auf einzelne Nachhaltigkeitsindikatoren verfügbar. Zusätzlich basieren die 
Aussagen verschiedener Studien zur Abschätzung des potentiellen Einfluss des Energiepflanzenanbaus 
auf Modellierungsansätze, deren Qualität stark von den getroffenen Modellannahmen abhängt. 
Aufgrund der eingeschränkten Informationsverfügbarkeit sowie erhöhten ökonomischen, ökologischen 
und agronomischen Risikos beim Anbau neuer Energiepflanzenkulturen, etablierte sich nur eine 
begrenzte Anzahl von Energiepflanzen. Jedoch steigt auch der gesellschaftliche Druck auf den Landwirt, 
einen nachhaltigen Energiepflanzenanbau vorzuweisen. 
Aktuell stehen verschiedene Ökobilanzierungstools und Umweltbewertungsansätze zur Beurteilung von 
landwirtschaftlichen Pflanzenbauproduktionssystemen zur Verfügung. Jedoch sind viele dieser Tools 
nicht in der Lage, die aktuelle landwirtschaftliche Praxis wiederzugeben. Die derzeitig existierenden 
Tools berücksichtigen Unterschiede in regionalen und landwirtschaftlichen Management, den Einfluss 
von verschiedenen Boden-Klimatischen-Bedingungen und die eingesetzte landwirtschaftlichen 
Technik. Allerdings fehlt ihnen die Fähigkeit, mehrjährige Fruchtarten, Fruchtfolgen und 
Fruchtfolgeeffekte zu berücksichtigen.  
Das Ziel dieser Dissertation war die Entwicklung eines Ökobilanzierungstools, für die Berechnung und 
Analyse von Treibhausgasemissionen (THG-Emissionen) und den kumulierten Energieaufwand (KEA) 
beim Energiepflanzenanbau. Das Tool soll dabei die aktuell gängige Praxis des Energiepflanzenanbaus 
wie dem Anbau mehrjähriger Früchte, die Kombination von Markt- und Energiepflanzen in 
Fruchtfolgen und die daraus resultierenden Fruchtfolgeeffekte berücksichtigen können. Aus diesem 
Grund wurden zunächst die Herausforderungen und Spezifikationen des Energiepflanzenanbaus in 
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Fruchtfolge untersucht. Dies beinhaltete ein Review der aktuellen verfügbaren THG- 
Emissionsbilanzierungstools, eine Analyse der gängigen THG-Emissionsberechnungsmethoden im 
Energiepflanzenanbau sowie eine Demonstration der Leistungsfähigkeit des neu entwickelten Tools.  
Der Energiepflanzenanbau ist ein dynamisches und komplexes System, welches durch verschiedenste 
Faktoren wie z.B. Fruchtart, Boden-Klima-Bedingungen und Anbaumanagement beeinflusst wird. 
Diese Komplexität erschwert jedoch eine zufriedenstellende Genauigkeit bei der Darstellung der THG-
Emissionen des Energiepflanzenanbaus durch ein Modell. Im Rahmen der Dissertation wurden „leicht 
anwendbare mit mittleren Aufwand verbundene“ regionalspezifische Ansätze zur Modellierung von 
THG-Emission identifiziert, die nur einen geringfügig höheren Aufwand als globale Ansätze besitzen, 
jedoch die Genauigkeit der berechneten Feldemissionen verursacht durch Düngemittelapplikation und 
Bodenkohlenstoffänderungen, steigern.  
Fruchtfolgen sind Teil der aktuellen landwirtschaftlichen Praxis, da Fruchtfolgeeffekte zu einem 
nachhaltigen Anbau beitragen können. Typische Ökobilanzstudien von einjährigen Energiepflanzen 
berücksichtigen nur die aktuelle Anbauperiode und missachten somit Interaktionen zwischen den 
Vorfrüchten und der aktuellen Frucht (Fruchtfolgeeffekte). Durch die Vernachlässigung der 
Fruchtfolgeeffekte kann es zu Fehlinterpretation der Ökobilanzstudienergebnisse kommen und 
demzufolge zu schlechten landwirtschaftlichen Anbaupraktiken und falschen politischen 
Entscheidungen. Die Untersuchung von 44 derzeit verfügbaren landwirtschaftlichen 
Umweltbewertungstools zeigte, dass nur 18 davon in der Lage sind, THG-Emissionen des 
Energiepflanzenanbaus nach den IPCC Richtlinien und der Ökobilanzmethode zu berechnen. Nur sieben 
von den 18 Tools konnten die THG-Emissionen vom Energiepflanzenanbau in einer Fruchtfolge 
berechnen. Jedoch war kein Tool in der Lage, Fruchtfolgeeffekte wie Nährstoffnachlieferungen mit in 
die Berechnung mit einzubeziehen. 
Um die Unzulänglichkeiten der aktuellen Ökobilanzierungstools zu überwinden, wurde ein neues Tool 
mit dem Namen „Model for integrative Life Cycle Assessment in Agriculture“ (MiLA), entwickelt. 
Dieses Tool kann die THG-Emissionen und KEA im Energiepflanzenanbau unter Einbeziehung der 
Eigenschaften des Energiepflanzenanbaus in Fruchtfolge berechnen. Des Weiteren werden 
Unterschiede im Anbaumanagement, Boden-Klima-Eigenschaften, verwendete landwirtschaftliche 
Technik und die Spezifikationen des Energiepflanzenanbaus berücksichtigt.  
Die Leistungsfähigkeit des Tools wurde anhand von Daten einer Feldstudie in Deutschland getestet. Die 
Ergebnisse zeigten das die Einbeziehung von Fruchtfolgeeffekten einen Einfluss von ₋34% bis +99% 
auf die berechnet THG-Emissionen und von -16% bis +89% auf den KEA der einzelnen Früchte in der 
Fruchtfolge haben kann im Vergleich zu der Berechnung ohne Einbeziehung der Fruchtfolgeeffekte. 
Durch die Erweiterung der Systemgrenze auf die gesamte Fruchtfolge und die Einbeziehung 
unterschiedlicher funktionaler Einheiten kann die Ökobilanzmethode zur Berechnung des 
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Energiepflanzenanbaus verbessert werden. Dies trägt dazu bei, ein realitätsnahes Bild der Interaktionen 
zwischen den Früchten zu skizzieren um somit die Zuverlässigkeit der Ökobilanzergebnisse zu erhöhen.  
Die Ergebnisse des MiLA Tools können in weiterführenden „Wiege-zur-Bahre“ Ökobilanzen verwendet 
werden, um z.B. die THG-Emissionseinsparungspotentiale bei der Bioenergieherstellung aus 
Energiepflanzen im Vergleich zu deren fossilen Alternativen zu berechnen. Die durchgeführte Analyse 
von unterschiedlichen Fruchtfolgen an verschiedenen Standorten in Deutschland zeigte, dass bis zu 68% 
THG-Emissionen eingespart werden können. Die Ergebnisse zeigten auch, dass das Fruchtfolgedesign 
einen starken Einfluss auf das THG-Emissionsergebnis des gesamten Energieherstellungsweges hat.  
Des Weiteren können Indikatorergebnisse von MiLA mit weiteren Indikatoren kombiniert werden um 
z.B. die Ressourceneffizienz (Flächen-, Energie und ökonomische Effizienz) von unterschiedlichen 
Fruchtfolgen an verschiedenen Standorten zu ermitteln. Die Ergebnisse aus dieser Studie zeigten, dass 
die Effizienz jeder Fruchtfolge abhängig von den regionalen Bedingungen und dem damit verbundenen 
Management ist und dass die einzelnen Effizienzindikatoren stark miteinander korrelieren. Demzufolge 
steht die ökonomische Effizienz nicht ausschließlich im Konflikt mit anderen Effizienzzielen. Regional 
angepasste Fruchtfolgen können ein nützliches Werkzeug zur Steuerung und Optimierung der 
Ressourceneffizienz darstellen. Um jedoch nachhaltige Energiepflanzensysteme zu identifizieren, ist es 
unverzichtbar, MiLA zur Durchführung einer ganzheitlichen Nachhaltigkeitsbewertung um zusätzliche 
soziale, ökonomische und ökologische Indikatoren zu erweitern.  
In dieser Arbeit wurde die vielfältige Einsatzfähigkeit von MiLA und dessen Ergebnisse demonstriert. 
Durch die Einbeziehung von Fruchtfolgeeffekten in Ökobilanzstudien kann eine bessere Reflektion der 
landwirtschaftlichen Realität erzielt und Unsicherheiten in der Modellierung reduziert werden. 
Demzufolge wäre es von Vorteil, wenn dieser Ansatz in die nationale und globale THG-
Emissionsberichterstattung und Berechnung mit aufgenommen wird um zuverlässige regionale 
angepasste THG-Emissionsreduktionspläne zu entwickeln.  
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